A modelling approach to simulating vegetation dynamics is described, incorporating critical processes of carbon sequestration, growth, mortality and distribution. The model has been developed to investigate the responses of vegetation to environmental change, at time scales from days to centuries and from the local to the global scale. The model is outlined and subsequent tests, against independent data sources, are relatively successful, from the small scale to the global scale. Tests against eddy covariance observations of carbon exchange by vegetation indicated significant differences between measured and simulated net ecosystem production (NEP). NEP is the net of large fluxes due to gross primary production and respiration, which are not directly measured and so there is some uncertainty in explaining differences between observations and simulations. In addition it was noted that closer agreement of fluxes was achieved for natural, or long-lived managed vegetation than for recently managed vegetation. The discrepancies appear to be most closely related to respiratory carbon losses from the soil, but this area needs further exploration. The differences do not scale up to the global scale, where simulated and measured global net biome production were similar, indicating that fluxes measured at the managed observed sites are not typical globally.
I. INTRODUCTION
The possibility of future climatic change, resulting from human activities, has concentrated the minds of ecologists when asked about the consequences of these changes for global vegetation. The earliest of responses to this question was achieved by projections of correlations between vegetation distribution and climate (Emanuel, Shugart & Stevenson, 1985) . Subsequently, models have been developed that are process based (Woodward, 1987; Cramer et al., 2001) , with the potential for coupling fluxes of mass and momentum to general circulation models of climate (GCMs ; Cox et al., 2000) and providing a potentially more realistic simulation of vegetation in a future uncharted climate. The current situation is that both correlative and process-based models, and their hybrids, are in use for providing simulations and understanding of vegetation responses to contemporary and future climates (Shugart, 1998) . Correlative and process-based models are at the two extremes of model complexity. The simplest are correlative models, which can be as simple as regressions (Lieth, 1975) , while process-models can include a wide range of processes and their interactions . In general, correlative models address either the controls of vegetation distribution, or vegetation fluxes (Shugart, 1998) , such as net primary production (photosynthesis less plant respiration), while process models generally simulate both fluxes and distributions ).
The range of models, with their attendant results and publications, are generally used with little information provided for the reader about their operation, construction or content. This is not surprising as journals are not keen to include lengthy details about models, however the end result is that model details may only be published in inaccessible and un-refereed reports and the reader may be unable to assess the accuracy of model components, or modules. The lack of detail and a general scepticism about the value of models (Brook et al., 2000) provide an unsatisfactory environment for the application of models to environmental questions. The aims of this review are to provide an approach that might improve the acceptability of models, through suggesting approaches that indicate simply the major components of models, providing examples of multiple-testing and interpretations of contemporary and future interactions between climate and vegetation.
II. CORRELATIVE MODELS
( 1) Net primary production Lieth (1975) developed a simple approach to predict global variations of net primary production (NPP). NPP was measured at 52 sites differing in mean annual temperature and annual precipitation and non-linear regressions were fitted between NPP and temperature, and with precipitation. These equations could be used to determine NPP globally by calculating the minimum NPP at a particular location, based on temperature or precipitation recorded at a local meteorological station. Contours of NPP can be derived in this way for a range of temperatures and precipitation ( Fig. 1 ) and they indicate simple monotonic increases in NPP with both temperature and precipitation. The simplicity of the approach hides significant problems. In this approach temperature is taken to be an index of both solar irradiance and the length and warmth of the growing season. However temperature can increase through the greenhouse effect, derived by an increasing atmospheric CO 2 concentration, with no change in solar irradiance. This increase in CO 2 concentration can also decrease water loss, by causing reductions in stomatal conductance to water vapour (Wullschleger et al., 2002) , which is broadly equivalent to increasing precipitation (Bonan, 2002) , however vegetation types differ in their degree of responsiveness (Woodward & Osborne, 2000; Wullschleger et al., 2002) . Rates of photosynthesis, and therefore NPP, may also increase through direct effects of increasing CO 2 concentration (Drake, Gonzalez-Meler & Long, 1997; Woodward, 2002) . Increases in NPP with temperature and precipitation can occur by more rapid supply rates of nitrogen from the soil to the plant (Trumbore, Chadwick & Amundson, 1996) . This effect may be negated with increasing CO 2 if plant litter is slower to decay, such as through changes in leaf chemistry (Oren et al., 2001) , all of which are critical components missing from the regression approach.
The simple regression approach is therefore unsuitable for making projections into different global climates and CO 2 concentrations. This will also be true for areas where there is significant N deposition (Nadelhoffer et al., 1999) , which can also enhance NPP but not necessarily carbon sequestration [long-term carbon storage in either (or both) biomass and soil] by vegetation. The effects of CO 2 enrichment may be accounted for by applying multipliers to the regression equations but this should be avoided as the approach does not readily account for interactions with temperature and precipitation. The constituent processes of NPP are well understood and so the appropriate and more accurate approach to simulating NPP should be by using a mechanistic model (e.g. Melillo et al., 1993 ). The mechanistic model should also be able to account for lagged responses of different vegetation types to interannual climatic variability (Knapp & Smith, 2001 ), a feature not readily accounted for in correlative models.
(2 ) Vegetation distribution
Simulating the effects of climate and climatic change on the distribution of vegetation is a much more complex enterprise than simulating NPP. Many aspects of climate influence and control the distribution of vegetation and plant species (Woodward, 1987) . This indicates that a process-based model will be complex. By contrast correlative models retain a simplicity that encourages their use. Fig. 2 demonstrates such an approach for the major vegetation types of the World. Each vegetation type fits within a climatic envelope defined in terms of annual temperature and precipitation. This approach could also be correlated directly with the regression approach to modelling NPP (Fig. 1) . Therefore the highest NPP should occur in the tropical rain forest, contrasting with a much lower NPP in the cooler climate that is characteristic of the boreal forest. This approach would suggest direct relationships between NPP and the climatic fingerprint of a vegetation type, but would completely fail to account for other critical components of control, which are outlined in Section III and discussed in the previous Section.
The climatic envelopes shown in Fig. 2 have been the basis for projecting the impacts of changing climate on the distribution of vegetation (e.g. Emanuel et al., 1985) . The same approach has also been applied to the distribution of species (Huntley et al., 1995) . The basis of the approach is shown on Fig. 2 for four climatic intersections. The first case indicates that 2 xC of warming should change tundra vegetation to boreal forest. In case 2 an increase in annual precipitation of 400 mm, but with no change in temperature, will cause grassland to change to a temperate forest. Changes in temperature and precipitation (case 3) within the temperate forest are predicted to have no effect on vegetation type, while increased temperature and precipitation (case 4) should change a temperate forest to a tropical rain forest, ignoring the fact that this change could occur without moving the temperate forest to a tropical (in terms of latitude) location.
There are reasons why the use of climatic envelopes is unacceptable when simulating the effects of climatic change, and these are expounded by looking in a little more detail at plant and species responses at their climatic limits. The most obvious problem is the complete lack of any dynamics and so it is not possible to extract any indication of the rate of change, beyond that determined by the rate of change in climate. So if the rate of climatic change in case 4 is 50 years then this would be the estimated rate of vegetation change, with no understanding of what actually controls the rate of vegetation change. The second problem is that there would be a step change in vegetation type. A particular combination of temperature and precipitation will correspond (case 4) with a change from temperate forest to tropical rain forest. This is certainly quite unrealistic (Woodward, 1987) . Finally, the actual distributions of species may be the result of extreme events, such as very low or high temperatures (Woodward, 1987) that have not occurred for perhaps decades and if these events are missed, as in the case of a The response of net primary production to temperature and precipitation (using equations of net primary production from Lieth, 1975 ). Whittaker, 1975) . Arrows indicate four numbered scenarios of climatic change.
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short climatic record, then a climatic envelope determined from contemporary climate will fail to portray accurately the critical climatic factors. A common feature when determining climatic envelopes is the observation that many features of climate are correlated. A statistical approach will select the factors that are most highly correlated with the distribution boundaries, but if the critical climatic factor, or factors, only occurs sporadically, then the statistical approach may put less weight on the crucial component of climate. Fig. 2 portrays vegetation, however it is not vegetation that moves with climate, it is the component species (West, 1964) , each with their own particular capacities. This reality clearly imposes considerable problems for any modelling venture, as it is not possible to model the dynamic responses of even the major dominant plant species of the World, as their responses to changes in climate and CO 2 are largely unknown or uncertain. In addition the climatic envelope approach tells nothing of vegetation responses to changes in CO 2 and N deposition (or to the impacts of other increasingly important pollutant gases like ozone), or to the importance and climatic sensitivity of nutrient and water uptake, from the underlying soils, to vegetation function and dynamics.
The climate envelopes of species and vegetation are determined from correlations between geographical distributions of species and climate -the realised or actual distributions. As species distributions do have geographical limits then it will always be possible to determine climatic limits, although clear vegetation boundaries do not often occur in reality, with gradations and irregular distributions being the rule. This approach can be seriously flawed if these climatic limits are taken to represent the actual tolerance limits of the species or vegetation under scrutiny. The problem of the approach is shown simply (Fig. 3) . In this example a target species is selected with climatic limits of survival described in terms of upper and lower limits of precipitation (Fig. 3 A) . Other climatic axes could also be described and functional types of species (species classified as possessing similar functional responses to environmental conditions), or vegetation types might be used in place of species. If the occurrence of the target species was not affected by other species then the actual climatic range of the species (Fig. 3B) would be identical to the actual climatic limits. However if the range was influenced by other species, with differing climatic tolerances (Fig. 3B) , then the actual climatic envelope would be much smaller and a quite inaccurate predictor of climatic tolerance. The continued long-term productivity and survival of species beyond their actual distributions, such as in botanic gardens, is testament to the reality of this situation. It could be argued that the actual distribution and associated climatic limits would be appropriate measures of the future climatic limits of the species, incorporating expected and inevitable interactions with other species. However these interactions can also change not only with climate and CO 2 , but also through changes in the life cycle of the associated species. Fig. 3 C shows potential impacts on the climate envelope, and therefore distribution, of the target species entirely as a consequence of the partial failure of one of the other species to migrate in response to climatic change. It is clear that the target species now has a quite different actual climatic envelope.
A further complicating issue is that of species dispersal. Most models implicitly assume that a particular location has a constant seed rain of species, or functional types, and when the climate is right then these species may grow. This also implies that a species will always have a chance to germinate and grow, and through spatial heterogeneity of the environment is always likely to find a safe site for establishment, avoiding the competitive displacement demonstrated in Fig. 3 . A small number of models are available that account for spatial heterogeneity and dispersal (e.g. Hochberg, Menaut & Gignoux, 1994 ; Simioni et al., 2000) but these have not been generally applied to enhance either correlative or -----) , or with interactions (--), defined as the probability of target species occurrence (A), less the probabilities of the other two species (a simple measure of occupancy) ; (C) one of the other species shows poor migration in response to climatic change and allows the target species to spread into drier climates (-. -. -. -).
mechanistic models of the type described here. It remains to be seen whether their absence from models is critical.
III. MECHANISTIC MODELS (1 ) Introduction
It can be seen, therefore, that correlative models are inappropriate for addressing the interactions of plants and climate, be it contemporary, past or future. This realisation led to early approaches that defined the distributions of plant species and vegetation on the basis of their real climatic limits (Fig. 3 A) , using experimental or observational data that ignored interactive effects with other species (Woodward, 1987) . Early approaches had limited resolution but new developments have added spatial resolution and more processes (e.g. Prentice et al., 1993 ; Woodward, Smith & Emanuel, 1995) . The developments of these and other models (Foley et al., 1996) demonstrated the philosophy that the best representation of plant and vegetation processes, and their associated geographical distribution, would be served by developing models of actual vegetation processes, i.e. photosynthesis and respiration leading to growth and geographical distribution. The components of a current and fully dynamic global model (dynamic in the sense of simulating changes in processes like photosynthesis, phenology, vegetation succession and fire) (Fig. 4 A) now address the major processes that occur in vegetation. A number of models of this type (Dynamic Global Vegetation Models, DGVMs) have been constructed and compared Sitch et al., 2003) . These models simulate major processes of photosynthesis, respiration, evapotranspiration and energy exchange. Some of the models also simulate biomass allocation between roots, leaves and stems (although reproductive output is not considered). Competition between individual plants is addressed either explicitly (by competition for light and water), or implicitly by the mortality of more slowly growing plants. Species are not considered but are classified into a small number of similarly responding functional types, in terms of physiology, phenology and growth. These models can predict the distribution of vegetation entirely on the basis of input data of climate, CO 2 concentration (and N deposition in some cases) and soil characteristics, although with differences between the models in terms of how and which processes are included. These models can also be adjusted to accept global vegetation as prescribed input data, or have a subset, such as global agriculture, prescribed. Terrestrial Biosphere Models (TBMs) are related vegetation models that include some of the processes shown on Fig. 4A . However these models require that the global distribution of vegetation is prescribed and, in addition, some may not simulate vegetation dynamics (McGuire et al., 2001) . There is a question, therefore, about the capacity of these models to simulate vegetation dynamics when the critical and historical dynamics underlying the current distribution of vegetation are quite absent. These models are not addressed in this publication. Transp, transpiration (and evaporation) ; Soil water, distribution and content of water in the soil ; NPP, net primary production ; NEP, net ecosystem production ; NBP, net biome production. (Other outputs, no fill), VPD, vapour pressure deficit ; N up, nitrogen uptake into plant ; Soil C and Soil N, soil carbon and nitrogen respectively ; Rad, solar radiation ; Ci, intercellular CO 2 concentration ; A, photosynthesis ; Resp, plant respiration ; Soil resp, heterotrophic respiration ; g, stomatal conductance ; Dist, disturbance.
DGVMs represent the most complex of vegetation models and the aims behind their development are diverse . The capacity to run the models at time frames from hours to centuries enhances their capability for coupling within GCMs (Cox et al., 2000 ; Delire et al., 2002) , in order to study the feedbacks between vegetation and climate of the present and future and also in the past (Doherty et al., 2000) . Although defined as global these models have a resolution determined by the availability of input data. If climate and soils data were available from one meteorological station then these would be the averages for the smallest simulation pixel. The climate data integrate advective effects, but the models do not currently address lateral transfer of water between adjacent pixels. Therefore although the models can be readily used at fine resolution it may be important to consider the importance and relevance of lateral transfers between pixels, depending on the particular application.
(2 ) Dynamic Global Vegetation Model components
The major components of the Sheffield Dynamic Global Vegetation Model (SDGVM) are outlined on Fig. 4 A. DGVMs are driven by inputs of climatic and edaphic data and the finest resolution of a DGVM is the finest scale of the input data. In some cases these input data may have been gridded at the global scale (New, Hulme & Jones, 2000) , so that the finest resolution (a pixel) is set by the gridding process (0.5x of latitude and longitude for New et al., 2000) . As indicated in the previous section, DGVMs do not address interactions between adjacent pixels and so no extra computation is required to scale from one pixel to the global scale.
Global species diversity is reduced to either six or seven functional types of species, when running the model at the global scale. This not only greatly reduces the time for computation but also avoids the problem of the severely limited data availability on species at the global scale. However as more vegetation types of the world, and their attendant species, are investigated then it should be possible to extend the functional type diversity. The functional types currently used in the SDGVM are evergreen and deciduous broad-leaved and needle-leaved trees, grasses with either the C3 or C4 pathways of photosynthesis, and shrubs. The global distribution of the different functional types of trees is determined by their sensitivities to temperature, the seasonal water balance (precipitation less evapotranspiration) and net primary production. The fraction of C3 and C4 grasses is determined by their relative net primary productivities. Species can also be simulated at the local scale by providing a small, species-specific input data set. A data set is required for each of the functional types and this includes photosynthetic type (C3 or C4), leaf and maximum plant longevity and specific leaf area and temperatures for bud burst and the onset of leaf senescence. Woody functional types are also defined in terms of the xylem conductivity to water and wood density. These latter characteristics are critical in determining the water balance and biomass allocation of the growing trees (Table 1) .
Data inputs are climate [temperature, precipitation, rain days, water vapour pressure and cloudiness (or solar irradiance)], soil texture (fractions of sand, silt and clay) and depth. The SDGVM can run from time scales of hours to centuries, but in order to reduce computational time and memory storage, while retaining details of dynamics, the typical time step is daily. At the global scale climate data may only be available as monthly values and so the data on rain days are used to drive a rainfall weather generator to provide daily values of precipitation.
The SDGVM includes part of the CENTURY model (Parton et al., 1993 ) that simulates soil carbon and nitrogen dynamics. This model incorporates plant litter into different soil fractions, determined by their turnover times. As a consequence, and before the SDGVM can be run with a particular climate series, the model must be initialised by 
a r , carbon allocation to root ; a s , carbon allocation to shoot ; c a , atmospheric CO 2 concentration ; c i , intercellular CO 2 concentration ; C s , soil carbon content ; CN, leaf C : N ratio ; d, trunk diameter at breast height ; D, plant density ; E, evaporation ; g, stomatal and boundary layer conductance ; g max , maximum stomatal and boundary layer conductance ; GPP, gross primary production ; H, canopy height ; H max , maximum canopy height ; I, solar irradiance ; LAI, leaf area index ; M, above ground tree mass ; M i , annual above ground mass increment ; N, nitrogen uptake into plant ; N s, d , soil nitrogen content (s), nitrogen deposition (d) ; NBP, net biome production ; NPP, net primary production ; O, other carbon losses (fire, mass removal) ; P, precipitation ; R d , day respiration ; R p , plant respiration ; R s , heterotrophic respiration ; S, vegetation functional type composition ; SLA, specific leaf area ; T, temperature (daily/monthly mean) ; T min , minimum temperature ; V, vapour pressure deficit of the air ; V max , maximum vapour pressure deficit ; W p , maximum water potential drop across canopy ; W s , soil water content ; W u , water uptake by roots ; X c , xylem conductivity to water ; X d , wood density. Input data in bold.
running until the soil carbon and nitrogen contents either reach an equilibrium with the vegetation and for the given soil texture, or a pre-determined target concentrations of soil and vegetation characteristics are reached. All of the different vegetation processes are operational during the initialisation and subsequent simulations. Vegetation function is driven by the processes of photosynthesis and respiration (Physiology in Fig. 4A ), water and nutrient uptake from the soil and water loss and radiation interception by the plant canopy (Biophysics in Fig. 4 A). The CO 2 that is fixed into biomass is converted into leaves, stems and roots, each of which has a phenological development through the year, determined by temperature and water availability. If the climate is suitable then woody plants will develop, over periods of decades and centuries. As the woody plants grow more massive there is a negative feedback on plant density (number per area) by self thinning, leading to typical vegetation dynamics of grass succession to trees with time, and with high densities of small trees progressing to low densities of large trees. The model simulates natural disturbances by fire. Fire burns a fraction of a pixel, with the fraction dependent on the dryness of the climate and vegetation in the pixel. Grasses invade the pixel after fire and are gradually replaced over time by trees, if the climate is appropriate for their growth and development and when the trees are sufficiently tall.
(3 ) Major processes
Papers describing models in full can be submerged in lengthy discussions about the equations, and their derivations, for the different processes that are simulated. This approach has been avoided and is replaced by a short list of the relevant process equations that are used in the SDGVM (Table 1) , each of which is also controlled by other processes (Fig. 4 B) . Ten equations capture this high-level essence of the model and the first two, which define net primary production and net biome production (NBP), are of a general nature. Equations T4 and T5 indicate functions that define the intercellular CO 2 concentration, c i , of leaves and their nitrogen concentration. These are the two central processes of the model. The nitrogen that is taken up by the plant from the soil defines the CO 2 demand side coefficients of the photosynthetic model, while c i indicates the balance between CO 2 demand and supply, through stomata and the vegetation aerodynamic boundary layer, ultimately feeding forward to NPP and NBP. Nitrogen uptake is determined by aspects of climate, in addition to NPP and the carbon to nitrogen ratio of plant litter, and provides a controlling feedback on photosynthesis, respiration and growth. Nitrogen uptake is rarely measured directly and is inferred from measurements of nitrogen concentrations in plant tissues. Measurements of leaf nitrogen concentrations are used to test the nitrogen dynamics of the SDGVM. Increasing NPP with atmospheric CO 2 concentration is accompanied by increased demand for nutrients, particularly nitrogen (Finzi & Schelsinger, 2002) and so the nutrient relations are necessary components of any model that attempts to predict vegetation dynamics with any realism.
NPP and leaf area index (LAI) are critical components at the next level of integration above c i and N uptake and distribution. LAI is the minimum value determined by water uptake, transpiration and the allocation of fixed carbon. The scaling of leaf transpiration and plant evaporation to the canopy level accounts for the impacts of canopy aerodynamics (related to height) on evapotranspiration and is achieved by a modified Penman-Monteith equation (Woodward et al., 1995 ; not included in Table 1 ). Both NPP and LAI feed directly to population structure through controls on height growth, H, and density, D, and to functional type composition, S, in addition to control exerted by climate. The inclusion of density in the definition of functional type composition indicates that vegetation dynamics is included, and therefore vegetation change is not instantaneous with changing climate, but is dependent on the slow dynamics of functional type mortality and establishment.
This reduced mathematical description of the SDGVM provides a clear route for defining processes that should be tested and which must also be accurate. Beerling & Woodward (2001) have provided extensive testing of LAI and NPP simulations and confirmed reasonable accuracy of both components at the global scale. Analysis of the equations in Table 1 indicates that for a full assessment of the SDGVM accuracy, tests of LAI and NPP should be supported by analyses of net ecosystem production at flux sites (NEP) ; gross primary production, GPP ; plant and soil respiration, R p and R s ; the two central components c i (usually determined as the ratio c i :c a , where c a is atmospheric CO 2 concentration) and leaf N concentrations and vegetation height, or biomass and the predicted distribution of vegetation. Tests against biomass have not been achieved because of the limited number of measurements at flux sites. In addition other data sets on biomass rarely include the necessary quantitative information on the impacts of disturbances on vegetation biomass.
A full error analysis of the SDGVM has not been attempted, however the model has been analysed in terms of direct interactions between different processes (Fig. 4 B) , aiming to provide an indication of the critical pathways and processes in the SDGVM. Different processes on Fig. 4B are termed nodes, and arrows indicate the most immediate connections between the nodes. The soil water and NPP nodes are highly connected with other nodes, indicating that they are controlled by a number of different processes. In addition, these can be termed hubs, in the terms of smallscale and scale-free networks (Barabási, 2002) . These hubs also control the stability and error sensitivity of the SDGVM because all processes are only a small number of steps or connections away from the hubs. Therefore error analysis is difficult because changes in a particular node can be compensated for by changes in other nodes, but controlled by the relative stability of the soil water and NPP hubs. The description of the nodes and their connections (Fig. 4 B) is a precise measure of the manner in which the SDGVM has been designed to simulate the actual reality of the processes in the field. The field situation is not known in this detail but known absences of any connections indicated in Fig. 4 B would indicate errors in the model design, although the dominant activity of the two hubs, in the model,
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would tend to minimise the impact of small differences in connectedness.
IV. MODEL TESTING (1 ) General
The community of global-scale vegetation modellers has produced a range of publications that test the adequacy and accuracy of their models. Recent tests have centred on the capacity to simulate carbon fixation by vegetation (McGuire et al., 2001; Dargaville et al., 2002) , globally and for the 20th century. These tests have used input fields of global climate and atmospheric CO 2 concentration, soils and historical land-use data (McGuire et al., 2001) . The input fields are not without problems. For example the global data set of actual climate (New et al., 2000) is provided at a maximum resolution of 0.5x of latitude and longitude. However climaterecording stations are not regularly distributed at the global scale, and some countries have fewer and shorter-term observations than others. Therefore interpolation techniques are necessary to provide a global coverage, but leading to errors that can influence simulated vegetation processes (Woodward et al., 1995) .
This review is concerned with vegetation modelling, not with the complexities of determining human impacts on land-cover and so input fields of land-use data will not be used. However some modelling exercises have used land-use data in order to simulate the activity of actual, rather than potential vegetation (Dargaville et al., 2002) . In general it appears that using actual rather than potential vegetation exerts a rather small impact on global simulations of carbon fluxes (Dargaville et al., 2002) . It is important to consider the quality of land-use data when they are used for modelling. The fields of land-use data become more problematic, the earlier the date. There is the same problem as for climate with limited data on land use from some countries, particularly before 1945, and there are marked differences between countries in the quality and frequency of the data. These limitations are circumvented, as best as is possible, using simulation techniques (Ramankutty & Foley, 1999) . However it seems clear that the data on land use changes have a large uncertainty component, due to inaccuracies originating from the modelling and the lack of available data, all of which will be difficult to resolve. In addition, the land-use data set is not testable, except for the initial contemporary cropland data set (Ramankutty & Foley, 1999) , from which the earlier distributions are determined.
When models simulate the global carbon cycle tests have been made against the sparse global network of CO 2 monitoring stations. In this approach, the vegetation models provide spatially and temporally distributed CO 2 fluxes and a model of atmospheric transport distributes the fluxes to the sites of the CO 2 monitoring stations, providing simulated CO 2 concentrations that can be compared with actual measurements (Dargaville et al., 2002 ). An alternative approach by data inversion (Enting, Trudinger & Francey, 1995; Rayner et al., 1999) refines initial best guesses of global CO 2 sources and fluxes with observed CO 2 concentrations, again using an atmospheric transport model, until the best match is obtained, to provide estimates of actual CO 2 fluxes. This approach is not without significant methodological problems .
At the small scale, eddy covariance flux towers measure directly net carbon exchange of vegetation, with a footprint of approximately 1 km 2 . The number of these sites is increasing and the data sets from the different sites, both of the vegetation and of the fluxes, are available through the FLUXNET project (e.g. Falge et al., 2002) . Therefore independent measurements of CO 2 fluxes can be obtained at the two extremes of model simulation -the fine scale, in the order of 1 km 2 and a time scale of hours and at the global scale, with a time resolution of approximately one month. Flux towers measure the net result of CO 2 uptake by photosynthesis and release by both plant and soil respiration. The two respiratory fluxes are not readily separable and so flux tower data can not provide direct estimates of net primary productivity, NPP. It should be pointed out that it is not possible to test adequately the accuracy of the flux measurements (Dore et al., 2003) , although errors on annual fluxes have been estimated to be quite large, between ¡30 and 180 gC m x2 year x1 . These errors are significant given net annual fluxes (NEP) of between 200 and 600 gC m x2 year x1 (Baldocchi, 2003) . These errors incorporate the problems of instrument calibration, the absence of measurements for significant periods, particularly when wind speeds are low, and when gap-filling methods are required, using models (Moncrieff, Mahli & Leuning, 1996) . The errors do not include the errors that DGVM tests will produce. In particular the DGVM will assume natural vegetation, with a continuous age structure and distribution (i.e. the whole of a pixel) and soil fluxes in equilibrium. Many eddy flux sites are on managed and uniform aged forests, with soils out of equilibrium with the vegetation (Piovesan & Adams, 2000 ; Baldocchi, 2003) , a situation that will inevitably lead to differences between simulation and observation.
Data from the FLUXNET project (located at http:// www.eosdis.ornl.gov/FLUXNET) also include some site data relevant for other model tests. These include leaf nitrogen concentration, leaf area index and canopy heights, and testing of the simulated intercellular CO 2 concentration can be achieved from measurements of stable isotopic composition. The latter measurements are currently limited from the FLUXNET sites, however a number of alternative sites provide more observations from vegetation (Kaplan, Prentice & Buchmann, 2002) . Field measurements of ecosystem discrimination (D E ) against the stable isotope of carbon, 13 C, have been determined at 46 sites, and these data are available as part of the IGBP BASIN initiative (http://gcte-focus1.org/basin.html).
The SDGVM simulations for local and global-scale testing have been run using the CRU 20th century climate data set (1901 ( , New et al., 2000 , at a resolution of 1x of latitude and longitude, which matches the resolution of the global soil texture map that has been used (Webb, Rosenzweig & Levine, 1993) . The climate data are monthly and so the SDGVM uses a simple weather generator to create daily data, the time resolution of the model. The SDGVM is initialised until vegetation and soil carbon are at equilibrium. The initialisation run uses the first 10 years of climate data, and CO 2 concentration, in a random sequence. Small-scale tests of carbon exchange and vegetation physiology have then been made using average values for the last time period of the climate data set (1990) (1991) (1992) (1993) (1994) (1995) , to correspond with the recent measurements of CO 2 exchange, and for the 1x pixel that includes the location of the field sites.
(2 ) Small-scale testing
Testing is described, for the SDGVM alone, in a series of measurements of increasing spatial scale, starting with leaf nitrogen concentration and intercellular CO 2 concentration, extending to leaf area index and then local and global-scale carbon fluxes.
( a ) Leaf nitrogen Simulations of canopy leaf nitrogen concentration (N l ) have been achieved for the few FLUXNET sites that have published this measurement, and averaged for the growing seasons of 1990-1995. These data have been supplemented by simulations from nearby or related sites with observations of nitrogen concentration (Kull & Niinemets, 1998 ; Reich et al., 1998; Kloeppel et al., 2000; Meir, Grace & Miranda, 2001 ; Turnbull et al., 2002) . The relationship between simulation and observation is close (Fig. 5) indicating adequate simulation across different vegetation types (grasslands, boreal forest, deciduous forest, tropical rain forest).
( b ) Intercellular CO 2 concentration Photosynthesis and diffusion through the stomata both discriminate against the rarer of the two stable isotopes of carbon,
13
C. These two effects are captured in the following two equations that define leaf discrimination against 13 C and measured by isotopic composition of the leaf d 13 C L . The isotopic composition of the air, d 13 C A , also affects the composition (equation 1) and this effect can be removed to provide the leaf discrimination, D L (equation 2) :
where a is the discrimination against
CO 2 during diffusion through the stomata and b is the discrimination due to the photosynthetic enzyme, rubisco. This equation is a simplified version of the more extensive description of discrimination that is used in the SDGVM, following Lloyd & Farquhar (1994) , and which accounts for changes in fractionation due to respiration and photorespiration. This discrimination describes the process in plants with the C3 pathway of photosynthesis. Discrimination by plants with the C4 photosynthetic pathway is different and the SDGVM again follows the description of this mechanism by Lloyd & Farquhar (1994) .
The simulated value of D L can be tested against measurements of whole-ecosystem discrimination, D E (equation 3), calculated according to the method of Keeling (1958) . This method assumes that ecosystem respiration provides an integrated measure of
CO 2 discrimination by the whole ecosystem and is calculated by plotting seasonal and daily variations of canopy, or tropospheric air CO 2 concentration against its isotopic composition d (2) :
The technique is not without errors, due to long extrapolations in the regressions and uncertainty in the amount of recycled respiratory CO 2 . However it provides the only field method for establishing vegetation discrimination and the ratio of c i : c a (Table 1) , and avoids the problems of scaling from measurements on leaves in cuvettes to the open canopy.
The relationship between simulated D L and D E is remarkably close (Fig. 6) , although the goodness of fit is enhanced by the low values of discrimination observed for grassland dominated by species with the C4 pathway of photosynthesis. The other points are primarily for temperate and boreal forests. Overall this test indicates that the model provides good simulations of the c i : c a ratio, which is a critical component of the ecophysiological components of the SDGVM. Vegetation dynamics presented here extends the previous tests against measurements of LAI from the FLUXNET network (Fig. 7) . The relationship is good, which may reflect the fact that optical techniques are used at FLUXNET sites to measure in situ LAI, while in the model simulations light plays a major part in limiting maximum LAI (Fig. 4 B) .
Net ecosystem production is calculated from simulations of Net biome production (NBP) plus other losses (O in equation 1 of Table 1 ; i.e. NEP=NBP+O), primarily due to fire. These simulations have been compared with observations of net ecosystem exchange (NEE) at eddy flux sites in the FLUXNET network. The measurements of NEE are negative in sign for uptake into vegetation from the atmosphere and the sign has been changed to produce NEP, where uptake into vegetation is positive in sign. Measurements of NEE are not without practical problems and so only data that have been quality tested have been used for testing (Valentini et al., 2000; Falge et al., 2002) . Simulations are only available for 1990-1995, due to the current absence of more recent climatic data, and so mean values of NEP have been calculated for this time period, for comparison with the field observations, which are generally more recent (1995-2000) (Fig. 8 ).
There is a strong linear correlation between simulated and observed NEP (Fig. 8) . However the simulations significantly underestimate high NEPs, of greater than approximately 400 gC m x2 year x1 . Some of this underestimation may be related to the age of the vegetation under study at the productive sites. Sites that have been planted or managed for 50 years or less (Fig. 8 ) appear to account, at least in part, for some of the simulation underestimations, as also pointed out by Valentini et al. (2000) . It should be noted, again, that estimated errors of NEP measurement by eddy covariance are in the range of ¡30 and 180 gC m x2 year x1 , which could bring many of the differences between simulation and observation within the ranges of measurement error. However it is rare to find error estimates for the flux sites.
( e ) Gross primary production and ecosystem respiration Ecosystem respiration can be determined at the flux tower sites, by a mixture of night measurements in combination with a simple model simulation for the daylight period (Falge et al., 2002) . Three approaches to calculating respiration appear to be used. The first is based on extrapolating 24 h cuvette measurements (Baldocchi, 2003) . The second approach takes measurements of nocturnal respiration and adjusts these for an exponential response to soil or air temperature during the photoperiod (Falge et al., 2002) . The third approach extrapolates the response of NEP to zero irradiance (Falge et al., 2002) . There is some agreement between the second and third approaches, although a universal relationship has not been observed for all vegetation types (Falge et al., 2002) . Again there is an involvement of . 11 large open circles indicates sites with forest cover of age less than or equal to 50 years. modelling in providing the independent data and, as a consequence, it is difficult, if not currently impossible, to determine the error in this large flux. Once ecosystem respiration is determined then it is possible to calculate GPP (by rearranging equation T1 in Table 1 ). As ecosystem respiration is determined in part by simulation, and NEP also has errors through missing data and other practical difficulties, then it is expected that these errors are likely to be additive in GPP, increasing its uncertainty.
Simulated and estimated (from observations) ecosystem respiration ( Fig. 9) and GPP ( Fig. 10 A) are linearly correlated. The slopes of the regressions indicate an overall underestimate of approximately 25%, by simulation, for the two rates. Some of the difference may be due to the largely unknown errors of measurement by eddy covariance. However it is possible to investigate the impact of management on the estimated fluxes. One site with a large difference between observation and simulation is in Scotland, at a latitude of 56.6x N and 3.8x E. In 1997 the measured NEP for this site was 670 gC m x2 year x1 , while the simulated value was 230 gC m x2 year x1 , a considerable difference. However the forest at the field site was planted in 1980, and so is immature in terms of its rapid growth in biomass and soil carbon and nitrogen concentrations. The impact of conversion has been addressed using the SDGVM (Fig. 10 B) . The model was run initially to equilibrium for the local climate. The potential vegetation of the site is a mixed evergreen and deciduous forest. The vegetation has then been converted to grassland, by regular disturbance, at different times, from 1700 to 1975. In order to simulate the actual field site, the grassland was then allowed to revert to forest in 1980. It is notable that NEP, GPP and ecosystem respiration are very sensitive to the vegetation management, with approximately a twofold range in these characteristics, dependent on the timing of conversion to grassland. The oldest grassland (1700), with a conversion to forest in 1980, simulates NEP, GPP and ecosystem respiration rates that are very close to observations. This contrasts with those sites that are forested for the majority of the time and which have much lower flux rates. This demonstration indicates quite clearly the importance of history and management in the simulated fluxes for field sites, producing errors, or differences from observations, that far exceed errors due to flux measurements.
( f ) Canopy height Canopy height is an important vegetation characteristic, being dependent on the supply of water and fixed carbon and also as a component of vegetation dynamics (equations T7 to T10, Table 1 ). Woodward, Lomas & Lee (2001) provide further details of the derivations of these equations. The simulations provide a close fit to observations (Fig. 11 ) from short to tall canopies. The simulations have been adjusted to account for canopy age, as a number of sites are moderately young forests, still actively growing in height and biomass. The SDGVM operation is strongly controlled by a small set of variables, which include nitrogen uptake into the plant and its concentration (equation T5, Table 1 ) ; the intercellular CO 2 concentration, c i (equation T4) ; GPP (equation T3) ; LAI (equation T6) and height (equations T7 and T8). These variables are quite accurately simulated, with regression slopes in the range from 0.78 to 1.0. Plant respiration is constrained by plant nitrogen, biomass and temperature and, although not shown here, is in agreement with field measurements in different vegetation types (Meir & Grace, 2002; . The ratio of simulated global NPP to GPP is 0.51 for the 1990s, indicating a significant contribution of plant respiration to the global carbon balance.
Soil respiration is controlled by temperature and water supply (Parton et al., 1993) , the rate of supply of litter and its quality (C : N ratio). Litter quality is determined by the fixation of carbon and initial uptake of nitrogen into leaves and wood. The quality then changes during senescence, when photosynthesis declines and the plant retains a fraction of nitrogen, before litter fall. Litter supply is a function of NPP but the fraction of NPP falling as litter changes between years, in response to inter-annual variations in climate. Decomposition of litter leads to the loss of some carbon to the atmosphere, but nitrogen is also released for plant uptake, and this rate of release imposes a significant control on NPP Woodward, 2002) . The simulations of NPP can not be tested against FLUXNET data but it is implicit that the model makes an effective simulation of NPP (Beerling & Woodward, 2001) , as indicated by accurate simulations of canopy height (equation T7 and Fig. 11) , LAI ( Fig. 7) and N uptake into the plant (Fig. 5) and a reasonable simulation of ecosystem respiration (Fig. 9) .
The major problem in the simulations is the underestimate of NEP, particularly for the productive sites. This may be due to the marked impacts of management (Fig. 10 B) , and if this is the case then global-scale simulations may reduce these impacts, when heavily managed forests do not dominate global forest cover. The tests of the SDGVM simulations against the flux tower observations of NEP indicated an overall model underestimate of NEP by approximately 20%, although the sensitivity test (Fig. 10 B) , indicated that this underestimate may be due in no small way to the nature of the heavily managed eddy flux field sites. A general test of the historical and management impact on NEP can be achieved at the global scale. If management is critical in the underestimate, then this should have a small impact on the global figure, where the majority of forests, in particular, are unmanaged. If the model underestimates NEP for other reasons, then this would be expected to translate to global-scale underestimates. As indicated earlier, upscaling to the global scale is achieved simply, by simulating vegetation processes for all individual, terrestrial pixels.
At the global scale other carbon losses (equation 1, Table 1 ) will reduce NEP to net biome production (NBP), and these are simulated in the SDGVM. The SDGVM simulations can be compared with inverse model simulations, as described in Section IV.1. The inverse calculations will not only include the effects of natural fires on NBP, but also human-induced fires resulting from deforestation. In addition any differences in fossil fuel use will influence the inverse calculations. Inter-annual variations in fossil CO 2 emissions appear small (Bousquet et al., 2000) , while for the 1990s CO 2 emissions through human-induced land changes were approximately 1.6¡0.8 Gt C year x1 (Schimel et al., 2001) . Current estimates of the terrestrial carbon sink have been slightly reduced as a consequence of changes in the oceanic oxygen inventory (Keeling & Garcia, 2002) , and are now estimated as 1.3¡0.8 Gt C year x1 for the 1990s. This indicates a natural terrestrial carbon sink of 2.9 Gt C year x1 (i.e. sink estimate plus land-use emissions). For the period from 1990 to 1995 the SDGVM simulates a terrestrial carbon sink of 2.7 Gt C year x1 , which is within the error bounds of global estimates. This indicates that the SDGVM underestimates of the eddy flux observations do not scale globally, probably for a number of reasons, but certainly because the flux sites are not representative of all of the vegetation types of the World, in terms of species composition and in terms of human influences.
A comparison of the global simulations with the inverse calculations should indicate an overestimate of global NBP by the model simulation, by an amount equal to CO 2 emissions caused by human-induced land-use changes. The relationship between the global scale inversions by Rayner et al. (1999) and the simulations (Fig. 12) indicates the predicted over-estimation by the SDGVM but with a unity slope for the years 1980-1995. The intercept of the regression indicates an average human-induced carbon release of 1.4¡0.7 Gt C year x1 , not significantly different from the estimate of 1.7 Gt C year x1 for this period (Schimel et al., 2001) . Bousquet et al. (2000) investigated interannual variations in terrestrial fluxes of CO 2 by inverse modelling and a vegetation model. They indicated significant inter-annual variability in NBP, due primarily to climatic variation, and they attributed an uncertainty to the estimates of NBP averaging at approximately ¡0.5 Gt C year x1 , over the time series 1980-1998. The detrended data from Bousquet et al. (2000) are compared with detrended data for the SDGVM simulations from 1980 to 1995 (Fig. 13) . The two simulations show marked inter-annual variability in carbon exchange by the terrestrial biosphere. Carbon losses are simulated by both techniques for the El Niño years of 1983 , 1987 (Wolter & Timlin, 1998 , while carbon gains are simulated for the La Niña years of 1985 and 1989. There is a significant difference between the two methods in 1984, although the number of flask measuring sites was limited in that year. The other notable difference is seen in 1991, which marked the onset of a long El Niño sequence extending up to 1995. The SDGVM simulates a tropical source with northern Eurasia neutral, while the inversion simulations indicate a close to neutral tropics and a significant Eurasian sink. Areas that are significant sources in the SDGVM simulations are quite distant from the flask samples of atmospheric CO 2 , a feature that is likely to influence flux estimates . In addition the coarse resolution used by the atmospheric transport models that distribute atmospheric CO 2 (Dargaville et al., 2002) and the prior estimates of sources and sinks required by this modelling approach (Gurney et al., 2002) can also induce spatial errors in ascribing fluxes. It is also notable that the terrestrial vegetation model in Bousquet et al. (2000) simulates a tropical source in 1991, like the SDGVM simulation.
The SDGVM treats the global suite of vegetation types as mixtures of six functional types of plants. The functional types (Fig. 14 A) define forest trees in terms of leaf shape (needle or broad) and phenology (deciduous or evergreen), with two types of grasslands, or shrub lands, defined by the dominant photosynthetic metabolism, C3 or C4. The map of potential vegetation (Fig. 14 A) can be compared with a map of actual vegetation for 1990 (Fig. 14 B) , from Goldewijk (2001) , using the HYDE database, one of a number of available sources, which uses combinations of data sources (statistics, remote sensing) with some simulation to produce the final product (Ramankutty & Foley, 1999 ; Goldewijk, 2001) . The actual map demonstrates the degree to which human land-use changes have modified the global map and also demonstrates general agreement in the geographical distribution of the major vegetation types with those simulated by the SDGVM (Fig. 14 A) . The HYDE database does not resolve the deciduous needleleaf forests in Siberia. The HYDE data base indicates the inability of the SDGVM simulations to predict the presence of the evergreen needleleaf forests along the Pacific northwest coast, while the deserts (bare ground) of central Asia appear more extensive than shown on the HYDE map, probably reflecting the paucity of accurate climate data for this underpopulated region.
(4 ) Conclusions from tests
Overall, the SDGVM simulations compare well with independent data sources. In some cases the data sources include a significant modelling component, which detracts from the accuracy of such a product. A general feature, in keeping with some other dynamic vegetation models Dargaville et al., 2002) is the effective agreement between models and data sources from the fine scale to the global scale. This provides confidence for using such models for investigating contemporary properties of terrestrial vegetation. Such agreement might suggest confidence in making projections into the realms of future climatic change. This may not be the case when models are only tested against broad-scale contemporary processes. However the capacity for the models to simulate at the fine scale (as in Section VII) indicates the potential for tests against perturbation experiments, such as changes in temperature or CO 2 and mean of eight inversions using atmospheric CO 2 flask data (Bousquet et al., 2000) . Positive values indicate uptake by terrestrial vegetation.
concentration, providing some confidence for future simulations. It is interesting to note that Knorr & Heimann (2001) consider field observations of NPP to be too unreliable for testing models, which indicates that these global-scale models have reached a level of simulation accuracy that may exceed measurement accuracy.
V. THE CONTEMPORARY TERRESTRIAL BIOSPHERE
There has been much discussion about quantifying the strength of the terrestrial biospheric source or sink and about the locations of the strongest sinks (Schimel et al., 2001) . Recent CO 2 inversions suggest a relatively even spread of sink strength over northern hemisphere vegetation (Gurney et al., 2002) , in contrast to an earlier suggestion of a dominant sink in North America (Fan et al., 1998) . There remains continued uncertainty in isolating these regional sinks by the inversion approach Gurney et al., 2002) . A further issue of some controversy is whether the terrestrial sink is being stimulated by the atmospheric increase in CO 2 concentration. Vegetation models regularly predict a CO 2 fertilisation effect , a feature that can be readily demonstrated by maintaining CO 2 concentration constant through simulations. Simulations of global terrestrial carbon exchange for the 20th century, using the climatic data from New et al.
(2000) (Fig. 15) indicate a clear CO 2 fertilisation effect on the terrestrial sink (Fig. 17) , with particularly notable differences from the 1980s, a period coinciding with more rapid increases in temperature and CO 2 concentrations (Fig. 15) . Nitrogen deposition is also included at the global scale (Stevenson et al., 1998) and the global scale impact on NBP is relatively small (approximately 9% stimulation). However the regional effects are greater (approximately 15%) in Europe and North America.
The enhanced NBP under the increasing CO 2 scenario is caused by a greater stimulation of GPP than total vegetation respiration (Fig. 17) . Simulated GPP for the 1990s is approximately 118 Gt C year x1 , which corresponds closely to the value of 120 Gt C year x1 , based on
18
O measurements of atmospheric CO 2 (Ciais et al., 1997) . The CO 2 stimulation increases with CO 2 concentrations (Figs 15 and 17) and also with the warmer climate of the 1980s and 1990s (Fig. 15) , Fig. 15 . Changes in terrestrial temperature, precipitation and atmospheric CO 2 concentration over the 20th century (New et al., 2000) . 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 Year Fig. 18 . Carbon in biomass (continuous line) and soil (broken line) for a changing CO 2 concentration (heavy line) and a constant CO 2 concentration (thin line). 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 which exerts a stronger positive impact on GPP than vegetation respiration (Fig. 17) . The majority of the changes in carbon sequestration by vegetation are due to changes in biomass (Fig. 18) , which is simulated to have increased more or less monotonically from the 1940s alongside increasing CO 2 concentration. The increase to 1995 only amounts to 17 % of the 1940s value, with an average annual increase from 1945 of only 0.34 %.
This very small annual amount is well beyond the resolution of actual biomass measurements. The relative changes in soil carbon are even smaller (0.03% year x1 ), and are clearly impossible to detect by actual measurements of soil carbon mass. One interesting feature is the lag in the response of soil carbon, compared to biomass, to ameliorating conditions. The minimum value of vegetation biomass is simulated for 1944, while the minimum for soil carbon occurs 10 years later, in both changing and constant CO 2 concentrations. This reflects the time taken for the increases in litter carbon accumulation to move from the rapidly turning over pools to the longer-lived pools in the soil. The early declines in biomass and soil carbon for both CO 2 treatments are due to reductions in terrestrial precipitation between the 1910s and the early 1940s, combined with steady increases in temperature over the same period. This suggests increases in drought, with direct impacts on GPP (Fig. 18) .
The geographical distribution of the 20th century carbon sinks indicates a quite complex pattern (Fig. 19) , but with significant sinks between latitudes 65x N and 40x S, except for latitudes 20 to 25x S (Fig. 20) . Maximum sink capacity is approximately 2500 gC m x2 over the 20th century, equivalent to 25 gC m x2 year x1 , a small figure that is approximately 1 % of GPP (2 % of NPP) and not readily measured by any harvesting techniques, on an annual basis. Conversion to agriculture, which is currently approximately 12% of the land surface (Ramankutty & Foley, 1999 ) is simply assumed to exert a neutral effect on the estimate of NBP, primarily because it is not possible to indicate with any accuracy the complexities and time series of the impacts of such vegetation conversions (and this also means ignoring any afforestation and succession from abandoned agriculture) on carbon sequestration. It is likely, however, that the overall effect of agricultural conversion will be losses of soil carbon (Schimel et al., 2001) . The effect of the relatively small area of agricultural conversions is small (Fig. 20) , but this may be negative in unknown reality. No account has been taken of deforestation between the tropics and this is likely to exert a substantial impact on the large and potential tropical sink (Figs 19 and 20 ; Schimel et al., 2001 ).
In conclusion, the SDGVM simulations indicate a notable CO 2 fertilisation effect on carbon sequestration by the terrestrial biosphere. Sequestration occurs most significantly in biomass but the rate is small and not easily measurable by traditional techniques of harvesting, particularly in heterogeneous natural and semi-natural vegetation. Longerterm inventories provide important measurements and constraints on model simulations (e.g. Phillips et al., 1998; Y. Malhi, personal communication) , however these are, for practical reasons, primarily limited to above-ground biomass. The sink is geographically widespread (Figs 19 and 20) in both hemispheres.
VI. THE TERRESTRIAL BIOSPHERE IN THE FUTURE
The future sink capacity of the terrestrial biosphere is of major importance, as account must be made of its strength . Climate and CO 2 concentration for the future simulations, using the HadCM3a2a transient simulation (Gordon et al., 2000) . when designing strategies for mitigating the continued increase in atmospheric CO 2 concentrations. Currently, the terrestrial biosphere sequesters approximately 20-25 % of human-induced emissions (Schimel et al., 2001) . Simulations here and elsewhere (McGuire et al., 2001) indicate that recent increases in the terrestrial sink capacity are being stimulated by the continued increase in atmospheric CO 2 , and in interaction with global warming. This fertilisation seems unlikely to continue (Cao & Woodward, 1998) . Cox et al. (2000) , using a coupled GCM-dynamic global vegetation model went even further to suggest that the terrestrial biosphere could become a very significant carbon source within the next 50 years or so, under a particular future scenario of climatic change. This section therefore addresses the issue of the future terrestrial carbon sink, applying the SDGVM to the climatic scenario used by Cox et al. (2000) . The Hadley Centre GCM has derived a range of future transient climatic changes using a coupled oceanatmosphere model, HadCM3 (Gordon et al., 2000) . The HadCM3a2a climatic scenario has been used, and this particular scenario is defined under an economic scenario of significant economic growth for most of the 21st century. The trends in climate and atmospheric CO 2 concentration (Fig. 21) indicate no overall change in terrestrial precipitation (but with changes in regional patterns), but an increase in terrestrial surface temperature of approximately 5 xC over the next century, which is closely coupled with an approximate 400 ppm increase in CO 2 concentration. Cox et al. (2000) indicate an additional positive feedback of vegetation on atmospheric CO 2 concentration (250 ppm) and temperature (about 2.5 xC), by the year 2100 in their coupled run. These changes have been added to the HadCM3 run, for the purposes of a comparison with the simulations by Cox et al. (2000) of changes in terrestrial carbon sequestration.
The stimulation of terrestrial NBP, using actual climate data (Fig. 16) does not continue to increase very strongly into the future (Fig. 22) , and there are significant periods when the terrestrial biosphere is a substantial net source of CO 2 to the atmosphere. There is a continued effect of CO 2 fertilisation on the terrestrial sink, but the stimulation does not increase after about 2020. Over the 25 years to 2100, the terrestrial sink accounts for only 2% of CO 2 emissions. In some years, the terrestrial biosphere can be a CO 2 source reaching nearly 50% of emissions. This source extreme is not matched by sink extremes of the same magnitude. Changes in biomass and soil carbon over the simulation from 1880 to 2100 indicate clear carbon losses from the soil to the atmosphere after 2080 (Fig. 23) , and this is the response that is slowing down the total accumulation of carbon in the terrestrial biosphere. Cox et al. (2000) indicated significant losses of stored soil carbon to the atmosphere and explained this change by increased rates of soil respiration as temperatures continue to rise. A breakdown of the changes in soil carbon using the SDGVM (Fig. 24) indicates that changes in the rate of soil respiration are only part of a more complex picture. Losses of carbon through natural fires increase only slightly, although the model does not simulate any extensive burning of high-latitude peats, which could be a major source of carbon into the atmosphere. However NPP increases through the whole period of the simulation (Fig. 24) . Litter production increases relative to its rate at the beginning of the simulation (1880), and so a larger fraction of NPP passes to the soil where it is sequestered, accounting for the increase in soil carbon up to approximately 2040. However from about 2040 to 2050, there is a marked decrease in the rate of litter production, so that by 2090 the rate is less than in 1880. This complex picture is due in part to a considerable and prolonged dieback of the Amazonian rain forest, under the HadCM3 climate. The HadCM3 climate simulation leads to a drying of northern Brazil and a reduction in the Amazonian rain forest, even by 2000 (Fig. 25A) , indicating an inaccurate simulation of current climate (compare the current vegetation map, Fig. 14A , with that simulated using the HadCM3 transient climate, Fig. 25 A) . By 2100 the Amazonian forest is restricted to its westerly flank (Fig. 25 B) . The prolonged nature of this dieback leads to initial increases in litter production from 1880 to 2050, followed by marked reductions in litter production following the natural transition of the rain forest to grassland and savannah, from 2050 to 2100. Global NPP continues to increase (Fig. 24) because of the temperature-stimulated expansion of the boreal and temperate forests (Fig. 25) , with young forests and increasing NPP but low rates of litter production.
A comparison has been made of carbon sequestration by biomass and soil between that published by Cox et al. (2000) and that simulated by the SDGVM, using the HadCM3 simulation, to which has been added the temperature and CO 2 feedbacks induced by the coupled model run, so that the climates seen by the vegetation models are as similar as is possible in such a comparison. There is some agreement between the trends in the changes of soil carbon (Fig. 26) . However in the Cox et al. (2000) simulation, soil carbon losses are considerably larger and occur earlier than with the Vegetation dynamics SDGVM simulation. Cox et al. (2000) ascribe the large losses of soil carbon to increases in soil respiration with temperature. However reductions in litter production in the SDGVM simulation (Fig. 24 ) actually lead to decreases in soil respiration rates by the end of the simulation. The other major difference is in terms of the changes in carbon sequestration by vegetation. Carbon sequestration continues to increase up to 2100 with the SDGVM simulation, but declines from 2040 with the Cox et al. (2000) simulation. In their simulation, the largest component of the decline in biomass is due to losses of the Amazonian rain forest (Fig. 25) , through declining precipitation, combined with increases in temperature. In the SDGVM simulation, losses of net primary production with the decline of the Amazonian rain forest (Fig. 27 ) are counteracted by increases in other areas, in particular north America, Russia and Siberia, southern Brazil, Argentina, central Africa, south-east Asia and China. In these areas, the high CO 2 concentrations in the latter part of the 21st century, combined with higher temperatures and adequate precipitation, lead to enhanced cycling of nitrogen between the soil and the vegetation. This supports the capacity for high NPP, a feature that is not simulated in Cox et al. (2000) but which has been shown experimentally to be a major control on vegetation response to enhanced CO 2 concentrations (Woodward, 2002) . (Fig. 28) , while biomass shows considerable inertia in its carbon sequestration potential, with saturation not occurring for some 50 years after the date of stabilisation. This slow response indicates that vegetation structure and distribution continue to change long after initiation by the changing climate. A vegetation dynamic view of this change is demonstrated in Figs 29-32 , which show changes in vegetation structure for an area in Amazonia, identified by the circle on Fig. 25 B. This area is one in which there is a simulated loss of rain forest under the HadCM3a2a transient climate scenario. In the year 2000 this site is a rather thin broadleaved evergreen forest (Fig. 29) , with a mean canopy height of 15 m and with 83% of the cover due to broad-leaved trees, with a biomass of 116 tC ha x1 (trees 10 years and older). By 2050 (Fig. 30) , the canopy is more open, tree density and biomass have declined and there has been an increased establishment of broad-leaved deciduous trees. By 2090, the vegetation has changed considerably to a savannah (Fig. 31) , with relatively low tree cover and dominated by broadleaved deciduous trees. The broadleaved evergreen trees have died between 2050 and 2090, contributing initially to an increase in litter production, but later to a reduced litter production as the vegetation changes to a less productive savannah. It is difficult to assess the realism of these simulations. One feature that is absent from the model is migration. It is assumed that propagules of all functional types are always available, and clearly this may not be the case. The increased frequency of the light grey spikes (fire-stimulated regeneration of drought deciduous trees, on Fig. 30) indicates that changes in vegetation type and structure are simulated to occur quite rapidly. Such rapidity of change is in keeping with contemporary observations in neotropical montane ecosystems (Grau & Veblen, 2000) .
VII. THE TERRESTRIAL BIOSPHERE AFTER STABILISATION SCENARIOS
In the case of the scenario where climate and CO 2 are stabilised in 2050 the vegetation in 2099 (Fig. 32) is very different from that simulated with the full change in climate (Fig. 31) . Stabilisation has preserved the forest, but this is also different from the vegetation in 2050 (Fig. 30) . In this case the forest is a mix of old broadleaved evergreen trees with more recent broadleaved deciduous trees, which are growing and gradually replacing the evergreen trees.
The simulations with stabilisation scenarios indicate that not only is there significant inertia in vegetation in response to environmental change, but it is also unlikely that current vegetation structure will either be unchanging or return to its current state.
VIII. CONCLUSIONS
(1) Simulations with the SDGVM indicate that the model simulates contemporary processes and properties of vegetation with reasonable accuracy, in comparison with independent data sources. Simulations of contemporary vegetation indicate that the currently increasing concentrations of atmospheric CO 2 , in conjunction with increasing temperatures, are causing a stimulation of CO 2 sequestration into biomass and soil. The rates are small and not readily measurable, but contribute to the current capacity of vegetation to sequester approximately 20 % of CO 2 emissions caused by human activities.
(2) Vegetation activity under the HadCM3a2a climatic scenario indicates that the terrestrial sink for CO 2 will decline in the future, due to the adverse impacts of warming ) and tree density (ha x1 ) are indicated for trees older than 10 years, while the mean canopy height (m) is indicated only for trees. and regional changes in precipitation. Northern Amazonia receives decreasing rainfall through the climatic simulation and this leads to the loss of the full rainforest and its conversion to initially savanna and finally sparse grassland. As a consequence there are large changes in litter fall and carbon sequestration. Vegetation structure will also change and a period of 50 years is sufficient to change rain forest to savannah. Stabilisation of atmospheric CO 2 and climate will slow the rates of change in carbon losses from soil, but significant inertia by vegetation will lead to continued changes in biomass, soil carbon and vegetation structure for 40-50 years after stabilisation.
(3) DGVMs can and should be used in applications away from the contemporary and future carbon sink. One recent application has been to investigate the interactive impacts of changes in atmospheric CO 2 concentration and fire, since the last glaciation, on the spread of trees in southern Africa (Bond, Midgley & Woodward, 2003) . It is generally assumed that low glacial temperatures explain the limited tree expansion in southern Africa. However model simulations indicate that low atmospheric CO 2 would have limited rates of tree growth, particularly after fire, and prevented their geographical expansion. Increases in atmospheric CO 2 to pre-industrial concentrations are sufficient in themselves 
Vegetation dynamics
to enhance tree growth after fire, and stimulate their geographical expansion.
(4) Applications of this type use the well-tested components of the SDGVM (growth, fire simulation) to address a palaeoecological question of a general nature -the spread of trees and grasses. More detailed questions, such as explaining the ecology of an individual species could not be addressed without some modification. The SDGVM is designed with seven functional types of plants to cover the terrestrial biosphere. This generality would need to be replaced by species-specific detail, which can be achieved. However there is then the question of how many additional species are necessary for an adequate simulation of local species interactions. This type of question could be addressed by using the classic gap models (Shugart, 1998) , however these models are often limited in physiological detail, but are strong in population dynamics. Bond et al. (2003) demonstrated that coupling the SDGVM with a demographic model was particularly effective, with the SDGVM simulating productivity data suitable for driving the demographic model. This hybrid approach appears easy to implement and may be a useful way of applying DGVMs in general to local-scale ecological questions.
(5) Tests of the SDGVM indicate two major areas that require more process understanding. The sensitivity of net carbon exchange to soil and plant respiration is large and there is still insufficient understanding of the temperature responses of these processes, particularly in terms of vegetation type and local climatic effects. Achieving improved understanding of these processes is underway through a variety of techniques. The other major area is not obviously resolvable and this is defining the historical impacts of human land use on terrestrial vegetation. DGVMs work effectively because they incorporate vegetation dynamics, and show that the ecological and management history of a site are crucial in determining contemporary activity. Land-use history is also critical but historical data are required at the global scale to get the dynamics right.
However the historical land-use data are currently untestable. As a consequence they inject considerable uncertainty into any simulations of contemporary biospheric activity that depend on vegetation dynamics and history.
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